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A study of the grain coarsening characteristics in C-Mn, Nb-V 
and Nb-V-Ti steels has shown that the grain coarsening occurs at a 
low temperature (< 950°C) in the cast C-Mn steel. This seems due 
to the low solution temperature of the AIN grain boundary pinning 
particles. However, the grain coarsening temperature ( GCT) can be 
increased by microalloy additions for Nb-V and Nb-V-Ti steels. Ferrite 
formation from deformed austenite has been investigated in C-Mn, Nb-V 
and Nb-V-Ti steels after single pass hot rolling. Rolling reductions were 
given in the range 20%-60% in temperature range 850°C - 1050°C and 
the deformed samples were transformed isothermally to ferrite at 680°C 
for up to 1800 sec.
Experimental results showed that the rate of ferrite formation 
depends on the state of austenite before transformation. Increase in 
deformation below recrystallization temperature significantly increased 
the ferrite nucleation rate per unit boundary area. Finer ferrite was 
obtained from partially and non- recrystallized austenite in comparison 
with recrystallized austenite. This is explained by the effect of higher 
retained strain on nucleation rate.
Volume fraction of ferrite increased when the temperature was 
decreased, the amount of reduction and the holding time was increased 
in C-Mn, Nb-V and Nb-V-Ti steels. The presence of Nb-V and Nb-V-Ti 
causes a remarkable retardation effect on recrystallization due to the 
suppression of grain boundary migration. However, microalloying 
elements retarded the rate of transformation and promoted ferrite 
formation. The contributions of the microalloying elements in ferrite 
grain refinement are considered to be refinement of the starting 
austenite grain size, leading to a fine recrystallized grain size on hot 
working and retardation of austenite recrystallization during rolling at 
low temperatures which results in high ferrite nucleation rates on 
transformation from austenite to ferrite.
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Grain growth is a thermally activated process, and the grain size 
which is developed depends on the time and temperature (1) . Grain 
structure can be modified considerably by the addition of elements such as 
aluminium, niobium, vanadium, titanium. Alloying elements create important 
changes in microstructure and metal properties if they produce precipitates 
of specific size in the solid state (2). This supposes that the solubility of the 
precipitating phase is sufficient for partial or complete dissolution at the 
treatment temperature under consideration. Niobium, vanadium and titanium 
are carbide and nitride forming elements which can meet this requirement at 
relatively low concentrations (3).
The purpose of thermo-mechanical processing is to control the 
structure, morphology and grain size of the austenite in HSLA steels so that 
the eventual transformation of the austenite produces the optimum ferritic 
structure. The reheating temperature controls the initial austenite grain 
size by controlling the solution and precipitation of the microalloy carbides 
and nitrides. The initial austenite grain structure prior to hot rolling should be 
uniformly fine for ease of hot rolling and to promote a uniform ferrite grain 
structure. Refinement of austenite grain size is achieved by a thermo-me­
chanical treatment which consists mainly of two steps: (a) the deformation of 
austenite above the recrystallization temperature and/or (b) deformation of 
the austenite below the recrystallization temperature, by hot rolling. An 
effective way to obtain a fine and uniform ferrite grain structure is to attain
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recrystallized austenite grains as fine as possible, followed by a large 
amount of deformation in the non-recrystallization region (4).
Controlled rolling in combination with microalloying additions of 
niobium, vanadium, titanium or combinations of these elements has been of 
great assistance in refinement of austenite grains (5). However, an inherent 
problem with controlled rolling of microalloyed steels is that, because 
recrystallization is usually retarded, mixed austenite grain sizes can result 
which upon transformation to ferrite, yield mixed sizes associated with 
structure of polygonal and non-polygonal ferrite (6).
The purpose of the present work was to investigate the ferrite 
formation from deformed austenite in Nb-V and Nb-V-Ti steel samples with 
rolling variables such as rolling temperature, amount of reduction and 
holding time. In this connection, the effect of rolling temperature and amount 
of reduction on the ferrite grain structure before rolling condition. In addition 
to a reference C-Mn steel, two microalloyed steels, Nb-V and Nb-V-Ti, 
having different Mn content were chosen to investigate the effect of these 




2.1 THE DEVELOPMENT OF HSLA STEELS.
High Strength Low Alloy (HSLA) steels constitute a successful 
metallurgical innovation in which alloying additions and thermomechanical 
processing have been brought together effectively to attain the improved 
combination of engineering properties through microstructural control. HSLA 
steels can be produced in the as hot rolled condition with yield strength in 
the range 290-550 MPa and ultimate strength in the range 415-700 MPa (3). 
Because of their low carbon levels, they are readily weldable. HSLA steels 
are used in external engineering applications such as bridges and building, 
ships, pressure-vessels, tube and pipe lines. More recently, they are being 
used to reduce the weight in transportation vehicles especially automobiles, 
railways cars etc. The design of high strength hot rolled steels in the early 
1900's was based on tensile strength. Little importance was attached to 
weldability, formability and resistance to brittle fracture (7). Failure by 
fracture of welded structures resulted in recognition that impact or fracture 
toughness was essential and thus the need for a low impact transition 
temperature became apparent (8). Better weldability and lower impact - 
transition temperatures (ITT) were obtained by lowering the carbon content 
of steel (8,2). At the same time a high yield tensile stress was found to be 
more important than a high tensile strength. Thus the carbon content was 
lowered further and the manganese was maintained at high levels. The 
advantages of high Mn/C ratios for impact toughness (9) were also 
appreciated and the significance of grain size was established. Refinement
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of grain size by grain refining addition such as AIN was introduced, but 
this could only be used in the normalised condition. The result was an 
increase in yield stress from 225 MPa to 300 MPa (8) but a lowering of the 
impact transition temperature. Later, other additives such as niobium, 
vanadium and titanium were also found to contribute to precipitation 
hardening and higher yield strengths. However, the impact toughness was 
not acceptable because the as - rolled grain size was coarse and not 
uniform . The solution to this problem was to use the controlled rolling at a 
low finish rolling temperature which could produce a fine austenite and 
consequently a fine and uniform ferrite grain size (10,11) while preserving 
precipitation strengthening effect. This type of processing led to increased 
yield strength of 450 MPa to 525 Mpa with good impact transition 
temperatures as low as -80°C .
Accelerating the cooling after hot rolling is currently being realized as 
a further advanced thermomechanical treatment in hot rolling (12). This 
cooling process is characterized by accelerated cooling during and after 
rolling stages so to achieve the ferrite grain refinement in the steel on 
austenite to ferrite transformation .
2.2. EFFECT OF MICROALLOYING ELEMENTS
2.2.1 General effect of microalloying elements
Steels contain alloying elements, in addition to carbon, to obtain 
other specific properties. The chemical compositions of high strength low
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alloy steels are chosen based on the mechanical properties such as 
strength, toughness, ductility, and weldability needed for particular 
application (13). The key to achieve this depends on the refinement of the 
ferrite grain size and the precipitation hardening of carbides, nitrides, or 
carbonitrides during thermomechanical processing stages of austenite 
(14). The microalloying addition of niobium, vanadium and titanium, singly 
or in combination, is very effective in grain refinement (15,16,17). They have 
strong but different affinities for carbon, nitrogen, and sulphur. The solubility 
of their carbonitrides in austenite to precipitate fine dispersed particles in 
austenite and ferrite provide a basis for strengthening mechanisms which 
include precipitation strengthening, grain refinement, dislocation 
strengthening and solid solution strengthening (18,19).
Carbides and nitrides which are undissolved at the reheating 
temperature contribute to refinement of the initial austenite grains. In the 
temperature range 1100 - 1250°C, commonly adopted as a slab reheating 
temperature, titanium nitride is the most stable compound and vanadium 
carbide the most soluble in austenite (20). Titanium bearing steels exhibit 
very high austenite grain coarsening temperatures due to grain boundary 
pinning by very stable TiN precipitates which are usually formed during 
solidification of steels (21,22). A decrease in the reheating temperature of 
niobium or titanium bearing steels will result in a decrease of niobium and 
titanium contents in austenite, but these partially dissolved elements can still 
produce precipitation hardening in the later stage of controlled rolling. The
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strong effects of microalloying elements such as niobium on retarding 
recrystallization and grain growth are mainly due to the strain induced 
precipitation of nitrides or/and carbides which are dissolved during reheating 
before rolling (23).
2.2.2 Effect of Niobium
Retardation effect by niobium is extremely large among various solute 
elements (23) . However, the continuous increase of carbon content in 0.10 
% Nb bearing steel results in much larger retardation of recrystallization. 
Consequently strain induced precipitation of carbides and nitrides of niobium 
taking place in deformed austenite primarily causes the retardation of 
recrystallization, while solute niobium may contribute to the suppression of 
the progress of static recovery in the stage before the start of strain 
induced precipitation. The precipitate particles restrict growth of austenite 
grains and at still lower temperature the particles inhibit recrystallization of 
the deformed grains.
The niobium precipitates present are often referred to as niobium 
carbonitrides (Nb (C,N)) as both carbon and nitrogen are usually present. 
However, at austenitising temperature high enough to take Nb(C,N) into 
solution, there is an additional strengthening effect in ferrite due to the 
precipitation of very finely dispersed Nb(C,N). The formation of fine particles 
is determined by solubility within austenite (20) as shown in Fig.2.1.
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Figure 2.1. Solubility curve for NbC in a steel with 0.15 C, 1.14 Mn, 
0.04 Nb (2)
9
2.2.3 Effect of Vanadium
Vanadium can give strength to carbon steel by precipitation 
strengthening directly, provided the carbon and/or nitrogen contents are 
sufficient (25). Although vanadium has a grain refining effect, the grain 
refinement does not make a very large contribution to the strengthening of 
vanadium steels. The major strengthening mechanism is the precipitation of 
fine platelets of vanadium carbonitride which are coherent with the ferrite 
matrix. Impact properties of conventionally rolled vanadium steels are poor 
(19), and can not effectively restrict grain growth during and after rolling at 
these temperatures, resulting in the coarse grain structure. However, this 
can be improved by the process of controlled rolling.
2.2.4 Effect of Titanium
Titanium is a very strong carbide former. Titanium reacts with 
interstitials to form a number of compounds in low carbon steels, including 
oxides, nitrides, carbides and sulphides (26,27). The formation of titanium 
oxide is undesirable because it produces a loss of titanium that is then 
unavailable for grain refinement, precipitation strengthening, or sulphide 
inclusion shape control. Titanium has a high affinity for oxygen, therefore it is 
necessary to thoroughly deoxidise the molten steel with aluminium prior to 
the titanium additions. The affinity of titanium for nitrogen is also very high 
(6) . Titanium nitride (TiN) is commonly present as large cube-shaped 
particles that form in the melt. Because the nitride is virtually insoluble in
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austenite, it plays no part in precipitation strengthening. Small 
concentrations of titanium are consumed mainly in TiN formation. The 
subsequent combination with sulphur to form titanium carbo-sulphide 
(TÌ4C2S2) is accompanied and followed by the formation of titanium carbide 
(TiC) (28). A given addition of Ti produces a large carbide fraction in the 
steel than does the same addition of niobium because of the smaller 
stoichiometric ratio and lower density of TiC phase. In addition to other 
microalloying additions, a single addition of titanium gives both sulphide 
inclusion shape control as well as precipitation strengthening (29,30). So far 
the use of titanium alone has been restricted because very low levels do not 
exert significant influence on austenite recrystallization and also the high 
reactivity of titanium causes problems (31).
2.2.5 Solubility Products of Carbides and Nitrides
Niobium, vanadium, and titanium have different affinities for carbon 
and nitrogen in austenite and this causes the different solubility product of 
carbide and nitride with different microalloying elements (32,33,34) as shown 
in Fig.2.2. Niobium carbide and titanium carbide dissolved in austenite at 
the reheating temperature can be varied widely depending on the tem­
perature and carbon content (20). Alloy nitrides have lower solubility in 
austenite than the respective carbides (6). In commercial microalloyed steel, 
vanadium and niobium are precipitated as carbonitrides, whilst vanadium
11
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Figure 2.2. Solubility products of carbides and nitrides in austenite (6)
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nitrides and niobium nitrides are seldom formed, except in the very low 
carbon and high nitrogen teels. On the other hand, in titanium bearing 
steels, titanium nitride is first formed, and after all the nitrogen is combined 
with titanium as titanium nitride, titanium carbide may subsequently 
precipitate with increasing titanium content (35).
2.3 THE STRENGTHENING MECHANISM IN HSLA STEELS
2.3.1 Grain refinement strengthening
The strengthening effect is associated with refinement of the grain size. 
The dependence of the yield stress on the grain size is analytically 
described by Hall-Petch relationship (36,37,38):
O y  =  CTj +  k y d - 1 / 2  (1)
Where ; ay : yield strength, o \  : friction stress opposing the movement of 
dislocations in the grains, k : constant, and d : grain diameter. The effect 
of refining the ferrite grain size on both the yield strength and the impact 
transition temperature can be seen in Fig.2.3.
Grain refinement can be achieved with addition of niobium, vanadium, 
titanium or aluminium (39). Niobium or vanadium can be added to semikilled 
steel having a higher ingot to slab yield than the killed steels, thus reducing 
the cost. Because the solubility of Nb (C,N) in austenite is less than the 
solubility of V (C,N) .grain refinement can be achieved with smaller addition. 
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Figure 2.3 Effect of ferrite grain size on the yield stress and impact transition 




















restricting the growth of austenite grains during hot rolling and / or by 
inhibiting the recrystallization of austente during hot rolling so that the 
austenite to ferrite transformation occurs in unrecrystallized austenite.
2.3.2 Solid Solution Strengthening.
The overall effect of substitutional solutes has been shown (8) to 
influence the strength by a factor proportional to (concentration)^
a oc (2)
where a : flow stress , C : concentration of solutes .
Substitutional solid solutions are formed by various elements. 
However, formation of these solutions is not accompanied by substantial 
strengthening of steel at room temperature. Since most steels are a dilute 
solid solution, equation (2) can be simplified to a linear dependence of solid 
solution strengthening upon atomic percentage of solute. Carbon and 
nitrogen are the two elements which can substantially increase the strength 
of steels by forming interstitial solid solutions . Since the solubility of these 
elements in austenite is greater than in ferrite, the interstitial solid solution 
strengthening is more effective in steels in which austenite is stable at room 
temperature. Interstitial solutes showing a strengthening effect which is 10­
100 times that of substitutional so that interstitial solid solution strengthening 
is particularly effective in strengthening martensite.
15
2.3.3 Precipitation Strengthening
The precipitation strengthening mechanism is caused by precipitation 
of constituent from a supersaturated solid solution (8) . This effect is 
especially strong in alloy steels containing strong carbide forming elements 
such as vanadium, niobium, titanium, molybdenum and tungsten. The 
particles that form at high temperatures in austenite, although they are 
effective in controlling grain growth, do not cause strengthening because 
they are too large and widely spaced. The strengthening particles are those 
that form at low temperature in austenite, at the ferrite - austenite interface 
during transformation, and in ferrite during cooling (40). Because of its 
higher solubility in austenite, vanadium nitride tends to precipitate in ferrite 
where it is an effective strengthener (41).
For a sparingly soluble precipitate such as NbC, the greatest amount of 
precipitate is available at the stoichiometric composition, but in most HSLA 
steels the Nb/C ratio is much less than stoichiometric (41). The growth of 
particles occurs by diffusion of niobium in ferrite, which is assumed to be 100 
times more rapid in ferrite than in austenite (3). The diffusi on model is given 
in Fig.2.4 in which the Nb atoms are assumed to move from the line XY, 
midway between the last row of precipitates to form and the new position of 
the a - y interface. The distances that the Nb atom can travel in ferrite during 
the normal rates of air cooling are consistent with the spacing of the 
precipitation planes, 80 to 400 nm when carbides precipitates.
16
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Figure. 2.4. Diffusion model for the interphase precipitation of niobium 
carbide (3).
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The carbon content of austenite adjacent to the boundary is depleted, which 
increases the driving force for transformation to ferrite.
The steps of precipitation are :
1. The carbon concentration in austenite increases at the ferrite austenite
boundary.
2. The carbon concentration promotes carbide nucleation on the ferrite side 
of the boundary, thereby pinning the boundary and depleting the carbon 
concentration in austenite. The depletion of carbon increases the driving 
force for the transformation of austenite, moving the boundary away from 
the precipitate particles.
3. The process repeats .
The particles formed during interphase precipitation, or in ferrite after 
the phase transformation can be very small, 5 nm and are very effective 
as strengthening agents. Fig 2.5 shows the effect of size and volume 
fraction on strengthening of steels.
2.3.4 Dislocation Strengthening
The stress required to maintain deformation at any given strain (flow 
stress) can be related to the dislocation density by an equation (8):
a f = k r 1/2 (4)
where ; of is total flow stress, r  is dislocation density and k is a constant.
In general, decreasing the transformation temperature by either 
alloying or increasing the cooling rate, refines the grain size as well as
18
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Figure 2.5. The dependence of precipitation strengthening on precipitates 
size (X) and fraction (25).
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increases the dislocation density (5) . The contribution of dislocation 
strengthening is much greater in some high strength sheet steels which have 
acicular ferrite microstructures containing a high dislocation density.
2.4 GRAIN COARSENING TEMPERATURE
The grain coarsening temperature is defined as that temperature where 
abnormal grain growth or secondary recrystallization commences (42,43) 
and is governed by the stability of second phase particles in austenite. Hillert 
(1) studied the kinetics of grain growth in the austenite range, and found that 
at any given temperature according to the equation :
D =ktn (5)
where D : the average grain diameter, t : time, k and n : constants. Grain 
growth of austenite can be modified considerably by addition of elements 
such as aluminium, niobium, vanadium, titanium etc (44).
Three mechanisms of austenite grain growth are :
a. Normal grain growth
If there are no precipitates preventing the migration of austenite grain 
boundaries, grain growth is controlled only by surface tension of grain 
boundaries (45). With increase of temperature large grains grow consuming 
small grains gradually and continuously and uniformly, grain growth having 
such feature is called normal grain growth.
b. Mixed grain growth.
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Mixed grains can be observed if an Al added steel is heated 
continuously over about 1000 °C . AIN in steels begin to solute into 
austenite matrix at about 900°C. However, its solution between 900 and 
950°C is very small. 900°C.. The solutions increases gradually from more 
than 950 °C and goes into full scale over 1000 °C.
Concerning the grain growth theory, Gladman and Pickering (1) have 
presented that normal grain growth continues if the diameter of large 
grains is within the double of the averaged (matrix) grain diameter. Several 
factors can be pointed out to be the nucleus of the above "over double 
grain", and the most likely one is local solutions of AIN. Supposing a steel 
containing Al and N is put into a furnace and its temperature goes up 
continuously from room temperature to high temperature such as 1000 °C 
for example, local solutions of AIN begin very slowly at mor than 900 °C . 
And the number of local solutions of AIN, the nucleus increases with the 
temperature. Each nucleus can not grow so fast because growing energy is 
dispersed to a number of nuclei. Consequently grain growth ends at ASTM 
No.2 to No.4 in most cases,
c. Abnormal grain growth.
If an AIN containing steel is heated up from room temperature to 
between 900 and 950°C a few local solution the range of AIN will take 
place. The number of solutions will not increase during holding at this 
temperature because the solution depends on mostly temperature. In such 
case of very restricted number of the nuclei, they continue to grow exclusive-
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ly consuming surrounding fine grains. And finally, the size of coarse grains 
reaches ASTM No - 2 or - 3. This is abnormal grain growth (46).
Gladman and Pickering (1) have considered the relationship between 
the rate of growth of metal grain, and the energy is not valued. It was recog­
nized that large grains would grow at the expense of the energy change, AE, 
was ssumed:
AE = k(1/Rc-1/R) (6)
Where : R : is the radius of a grain and Rc is the critical radius.This model 
indicates that the growth of grains larger than the critical size would cause a 
decrease in energy, whereas the growth of grains smaller than the critical 
size would cause an increase in energy. This would prevent the growth of 
the small grains. Since reheating of a slab represents the initial stage for any 
given deformation process, the control of the grain coarsening temperature 
by proper alloying is critical. Some of microalloying elements should be used 
to control the GCT by a particle grain boundary interaction and a portion 
should remain in solution for precipitation during subsequent hot 
deformation. Gladman and Pickering (1) studied the effect of vanadium on 
the grain coarsening characteristics of austenite and found a progressive 
increase in grain coarsening temperature with increasing vanadium content. 
Small additions of vanadium are relatively more effective than large 
additions and the behavior of vanadium may well be analogous to that of 
aluminium. Also, grain coarsening always started at temperatures well below 
the solubility limit of vanadium nitride. The influence of various microalloying
22
elements on grain coarsening during reheating is shown in Fig.2.6 which 
involves the growth of very few grains in relatively unchanged fine grain 
matrix. The abnormal grain growth occurs at the temperatures which are sig­
nificantly lower than the microalloying solution temperature.
2.5. CONTROLLED ROLLING.
The purpose of controlled hot rolling of ferrite-pearlite HSLA steels is 
to develop a fine, uniform ferrite grain size coupled with precipitation 
hardening (1). The optimized combination of controlled rolling and 
accelerated cooling parameters achieves improvements of both strength and 
toughness through the general refinement of the transformed microstructure 
(47). As a result of investigations, it was made clear that controlled rolling 
could be extended into the austenite-ferrite region to enhance both strength 
and toughness (48,49)
Lowering the reheating temperature of the slabs is effective in 
increasing the rolling productivity by the shortening of the holding time and 
also improve the toughness of rolled products by refining the
recrystallization austenite grains after finishing or roughing. The strength of 
niobium containing steels is apt to be reduced by low temperature reheating 
because of the incomplete solution of niobium carbonitrides in the austenite 
which consequently decreases the intensity of precipitation strengthening. 
The low temperature finish rolling practice for carbon-manganese steel is
Figure 2.6 Austenite grain growth characteristics in steels containing various 
microalloying addition (21)
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apparently quite similar to that for controlled - rolled niobium 
containing high strength steels, but the metallurgical basis is completely 
different. The low temperature rolling refines the recrystallized austenite 
grains in the controlled rolling of carbon-manganese steels, but it elongates 
austenite grains in the niobium containing steels. During most controlled 
rolling, all the deformation occurs in austenite. Normal rolling, which does 
not involve any control of the rolling conditions is usually finished at 1050­
900 °C, according to the plate thickness (6).
In the controlled rolling of C-Mn steels which do not contain any 
elements retarding the recrystallization of austenite recrystallized austenite 
grains are refined by performing the several hot deformations in the final 
stages of rolling at the lowest temperature (950 - 800 °C) in the range 
where recrystallization of austenite grains can occur so that the refinement 
of the austenite grains is achieved by the transformation from the fine 
grained austenite structure as shown in Fig. 2.7. Further refinement of the 
transformed structure is also possible by continuing the rolling reduction 
down into the non-recrystallization temperature range between the critical 
temperature for austenite recrystallization and the Ar3 temperature is not so 
wide so that a large effect cannot be expected. Duckworth et al (48) showed 
in a Nb steel having C under 0.1 % that by using a low finishing temperature 
with heavy draughting, very attractive properties could be obtained in the as- 
rolled condition. The addition of niobium raises the recrystallization tem­
perature by about 100 °C. The type of ferrite nucleation sites, including
25
Figure 2.7. Schematic illustration of the three stages of controlled rolling 
process and the changes in microstructure with the deformation in each 
stages (10).
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elongated austenite grain boundaries, which are introduced by reductions in 
the non-recrystallization temperature range are activated twin boundaries 
and the deformation bands. The density of these interfaces and their activity 
as ferrite nucleation sites including elongated austenite grain boundaries are 
increased by increasing the total reduction in the non recrystallization 
temperature range.
Controlled cooling from the finish rolling temperature can be used to 
restrict coarsening of the refined austenite grains, to lower the 
transformation temperature and to restrict growth of the transformed ferrite 
grains (50). However, too fast a cooling rate can lead to the formation of 
bainitic or martensitic structures which are detrimental to impact properties. 
Morgan (50) has shown that improved cooling practices result in increased 
yield strength, improved notch toughness and resistance to brittle fracture in 
high strength low alloy steels. The cooling rate is also important in 
microalloyed steels with regard to precipitation strengthening. A faster 
cooling rate leads to a finer precipitate, which is desirable. However, there is 
an optimum rate above which precipitation will be suppressed altogether, 
making it necessary to employ subsequent heat treatment to obtain the 
added strengthening effect. Therefore, careful control of temperature, 
deformation and cooling rate is necessary to obtain the maximum 
improvement in properties of microalloyed steels directly from the as-rolled
condition.
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2.6 STRUCTURAL CHANGES IN AUSTENITE ACCOMPANYING
DEFORMATION
Several factors influence the effectiveness of controlled rolling in 
terms of structural refinement (4). The solution temperature controls the 
initial austenite grain size prior to deformation. Microalloying additions, 
either in solution or as carbonitride precipitates, control the rates of 
recrystallization and grain growth in the austenite. Microalloys also influence 
the initial grain size in the austenite to ferrite transformation temperature.
The deformation in controlled rolling process is usually divided into 
three stages. Figure 2.7 illustrates these three stages, the microstructural 
changes accompanying deformation in each stage are given below :
2.6.1 Deformation of austenite in the recrystallization region.
The purpose of deformation in the austenite recrystallization region is to 
reduce the austenite grain size by repeated deformation and recrystallization 
(4,51,52). A small austenite grain size obtained by recrystallization at this 
stage leads to refinement of ferrite grains ( 53,54). In general, recrystallized 
austenite grain size decreases rapidly with an increase in the amount 
of rolling reduction (55) which limits the degree of ferrite grain 
refinement achieved by austenite recrystallization. The temperature and the 
amount of a reduction strongly influence recrystallization behaviour of 
austenite. The specimens show complete recrystallization 1s to 3s after 
critical amount of deformation, if given at suitable deformation temperature.
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The critical reduction for recrystallization (RCS) increases with decreasing 
the temperature. RCS is always larger in the niobium containing steel 
compared to C - Mn steel . It was found (23) that niobium addition retards 
recrystallization. When the reduction is done at temperature lower than the 
recrystallization critical temperature, then austenite grain will be elongated 
in rolling direction and annealing twins will be formed during reheating 
process and deformation bands on the non-recrystallization austenite grains 
will be formed during rolling.
2.6.2 Deformation of austenite in the non-recrystallization region.
The purpose of deformation in the non-recrystal I ization region is to 
increase ferrite nucleation sites by producing deformation bands in the 
interior of elongated austenite grains (4,52). Through ferrite grain reduction 
with the decrease in austenite grain size, the former reaches a limiting value 
of 10 pm and can not attain further decrease when an austenite grain size 
become about 10 pm (55). There is a limit in attaining ferrite grain refinement 
through y -> a transformation when ferrite is produced from recrystallized, 
strain free austenite. However limiting ferrite grain size can be broken by the 
transformation from deformed austenite on ferrite grain refinement. ,
Grain refinement through repeated recrystallization does not proceed 
indefinitely but reaches a certain limiting value and thereby results in 
relatively coarse a grains as can be seen in Fig 2.7. The deformation in the 
two phase region causes not only further grain refinement but a mixed
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structure consisting of equiaxed grains and large / small grains. The 
difference between conventional hot rolling and controlled rolling is that 
conventional rolling leads to ferrite grains nucléation exclusively at 
austenite grain boundaries, whilst controlled rolling results in grain 
nucléation in interiors as well as on grain boundaries. These processes 
could produce considerable difference in the final ferrite grain structures as 
shown in Fig. 2.8.
The fact that a deformation band is equivalent to an austenite grain 
boundary with regard to ferrite nucléation means that an austenite grain is 
divided into several blocks by deformation bands. The deformation band 
density is affected by extent of deformation and deformation temperature in 
the non-recrystallization region. The higher is the reduction, the higher will 
be the density of bands in the structure.
2.6.3 Deformation in austenite - ferrite two phase region.
The purpose of deformation in the austenite-ferrite two phase region 
is to increase the strength of ferrite (4). Grain refinement due to 
deformation in the non-recrystallization region reaches a limiting value at 
about 70 to 80 % reduction (51).
Deformation in the two phase region produces mixed grain structure, 
which consists of equiaxed ferrite grains, polygonal grains and substructure 
in deformed grains. The deformed austenite transforms to polygonal ferrite,
30
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Figure 2.8. Nucléation sites for a grain and resulting a grain structures in 
hot rolled and heat treated steels (6).
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while the deformed ferrite changes into cells and/or subgrains depending on 
the degree of recovery. In deformed ferrite, recrystallization is very sluggish, 
producing cells and/or subgrains due to stabilization of the substructure 
network as a result of strain induced precipitation of Nb(C,N) and/or V(C,N). 
During rolling, austenite to ferrite transformation can occur on the 
unrecovered dislocation substructure. The newly formed ferrite grains soon 
impinge on existing ferrite and cannot grow further by this mutual interac­
tions between deformed austenite and ferrite phase.
An increase in volume fraction of ferrite is achieved by lowering the 
deformation temperature in the two phase region, which increases the 
recovery of deformed ferrite. In this case, the change in the volume fraction 
of deformed ferrite could influence the proportion of substructure in 
deformed ferrite. It is known (4) that substructure of deformed ferrite is 
affected by deformation temperature, amount of deformation, reduction per 
pass, levels of precipitation in austenite and ferrite during 
thermomechanical processing of microalloyed steels.
2.7 AUSTENITE TO FERRITE TRANSFORMATION
Austenite to ferrite transformation is a diffusional transformation in 
which three processes occur simultaneously :
(i) crystal structure change; (ii) composition change; and (iii) 
recrystallization. When ferrite is formed from austenite, ferrite nucleates 
mainly at the austenite grain boundaries (57,58). -
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It has been found that the ferrite grain size could be reduced by the 
addition of microalloying elements (10,19,59,60), a decrease in the rolling 
temperature, increase in reduction (10,6J) and the lowering of the 
temperature of ferrite transformation by either increasing the cooling rate 
(60,61,62) and/or by an increase in the hardenability of steel (63).
Strain-induced heterogeneities introduced into the austenite during 
the thermomechanical treatment act as sites for ferrite nucleation and the 
final ferrite grain size depends to a great extent on the state of austenite 
prior to transformation. Thus, it is important to correlate the austenitic 
structure with that of the resultant ferrite. Since the austenite boundaries 
prior to transformation are the main sites for ferrite nucleation, refinement of 
austenite grains is important. Kozasu et al (63) showed that the key to 
understanding the way in which austenite links the alloying and hot 
deformation with the final ferrite grain size is the quantitative assessment of 
the density of strain induced heterogeneities introduced into the austenite 
during the deformation. Consequently, the parameter of surface area per 
unite volume ( S y ) ,  was used to assess the number of surface sites in 
thermomechanically processed austenite with potential for nucleation of 
ferrite. Ouchi et al. (64,66) correlated the effective S y  , surface area per 
unite volume of austenite grain boundaries and deformation bands with the 
ferrite grain size. Although an increase in effective S\/ causes ferrite 
grain refinement, for a fixed S y ,  deformation in the non-recrystalIization 
region refines the ferrite more effectively than in the recrystallization region
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(6.4,66). This effect occurs because in the early stages of ferrite formation 
the rate of transformation is given by the product of surface area per unit 
volume and the nucleation rate per unit boundary area, Ns (67). The auste­
nite grain refinement through recrystallization increases only Sy, but the 
deformation in the non-recrystal I ization region increases both Sy and Ns, 
since the unrecrystal I ized austenite contains both a high dislocation density 
in addition to the elongated grain boundaries and the deformation bands. 
Thus, when a fine recrystallized austenite is deformed at low temperatures, 
a fine equiaxed polygonal ferrite will result.
Microalloying elements, when dissolved in austenite, increase the 
hardenability (68.69) . lower the Ar3 temperature (70) and refine the ferrite 
grain size by retarding the transformation. However, any undissloved or 
precipitated carbo-nitride particles will lower the hardenability by refining the 
austenite grain size (71), raise the Ar3 temperature and produce a coaser 
ferrite grain size (66,72).
2.7.1. Ferrite nucleation
The ferrite transformation is clearly accelerated by deformation of 
austenite (73). In the non-deformed specimens the austenite grain 
boundaries are predominant nucleation sites for ferrite but in the deformed 
specimens nucleation occurs not only on the prior austenite grain 
boundaries but also within grains. Moreover, the nucleation rate at the grain 
boundaries is substantially accelerated. The observed sites for ferrite
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nucléation are austenite grain boundaries, deformation bands, twin 
boundaries, deformation kink bands, second phase particles and recovered 
dislocation sub-grain boundaries (66). However, the austenite grain 
boundaries are the predominant sites followed by the deformation bands 
(74,75)- The ferrite nucléation frequency depends on the overall interfacial 
area of the austenite grain boundaries and deformation bands per unit 
volume and the effectiveness of these surfaces in nucleating ferrite grains. It 
has been reported that the ferrite grains grow into the austenite on both 
sides of the boundary and that the prior austenite grain boundaries are hard 
to detect once ferrite grains are formed (76). Not all the deformation bands 
are effective in ferrite nucléation, possibly due to variable energies 
associated with them. Higher energy bands are effective ferrite nucléation 
sites following the larger rolling reductions (74). Slow cooling after 
deformation inhibits the nucléation at deformation bands compared with 
other sites and a delay between the formation of deformation bands and 
subsequent transformation gives lower nucléation rates at the bands.
The annealing twin boundaries in deformed samples are also reported 
(74) to be the preferential nucléation sites for ferrite. Ferrite grains nucleated 
in this manner grow mostly into one grain and the prior annealing twin 
boundaries are easily detected even after they are completely covered by 
ferrite grains.
Ferrite formation can occur at the deformaton kink bands (74), where 
the ferrite grains are formed within the austenite grains and are rectangular
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in shape. These ferrite grains are disc-like in three dimensions and are 
parallel to each other and are inclined at about 60 degrees to the rolled face 
and nearly perpendicular to the side section. Ferrite grains can also nucle­
ate on undissolved carbonitride particles as well as on coarse precipitated 
particles (66). Also, ferrite nucleates at cell or subgrain boundaries in 
regions adjacent to the grain boundaries in deformed austenite grains but 
this type of nucleation is possibly aided by precipitates occuring on the sub­
grain boundaries. Figure. 2.9 shows various types of nucleation sites of 
ferrite observed in deformed specimens (77).
2.7.2. Ferrite growth
Growth rate of ferrite grain into deformed austenite would be 
accelerated by factors such as :
a). The enhancement of diffusivity by dislocations and supersaturated 
vacancies, b). The additional driving force associated with stored energy.
Since the diffusivity of carbon controls the growth rate of ferrite in 
HSLA steels and it is an interstitial element, the factor a) above is 
considered to be quite small. How the carbon diffusivity could influence the 
ferrite growth can be seen from parabolic rate of growth of ferrite (51,78) 
given b y :
a




Figure 2.9. Optical micrograph showing various types of nucléation sites for 
ferrite observed in deformed tool steel : a. nucléation at grain boundaries, b. 
nucléation at annealing twins, c. nucléation at deformation bands and d. 
nucléation in the interiors of grains (6).
where : D = the diffusivity of carbon, Cy, Ca = the equilibrium composition of 
carbon in austenite and ferrite, C0 = the initial carbon content.
The free energy of deformed austenite is higher than that of non 
deformed austenite due to stored energy. The stored energy of austenite is 
a function of dislocations density and the equilibrium composition of ferrite 
and austenite in deformed specimen, Ca (deformed) and Cy (deformed) are 
higher than those in undeformed specimens.
The ferrite growth rate is slightly enhanced by the deformation of 
austenite. However, compared with the effect of austenite deformation on the 
acceleration of the ferrite nucleation, the acceleration of growth rate is 
considerably smaller. Thus austenite deformation results in the large 






The materials used in this study were two microalloyed steels containing 
Nb-V, Nb-V-Ti and one C-Mn steel which was used as a reference. The 
chemical compositions are given in Table I. These materials were produced 
from “as cast” slabs at P.T Krakatau Steel, Cilegon, Indonesia.
Table 1. Chemical Composition, %
Element Steel-N Steel-D Steel-T
C 0.084 0.096 0.096
Si - 0.240 0.364
Mn 0.326 1.130 1.480
P 0.013 0.007 0.009
S 0.008 0.006 0.006
AI 0.014 0.031 0.063
N 0.006 0.007 0.007
Nb - 0.030 0.050
V - 0.050 0.030
Ti 0.020
3.2. GRAIN COARSENING TEMPERATURES
Grain coarsening studies were carried out on the as-cast samples at 
various temperatures in the range 950°C to 1250°C. The samples were held at
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the temperature for 15 minutes in an induction furnace flushed with argon to 
prevent excessive oxidation and were quenched in w a te r.
The samples were prepared for optical microscopy by first mechanically 
polishing and then finally finishing with 0 -1  jam silica on a soft polishing pad. 
The etching of prior austenite grain boundaries to allow quantitative 
metallography ( grain size determinaton ) was conducted using 100 ml water 
with 5% saturated picric acid plus 20 drops of teepol and 20 drops of con­
centrated HCI at 60-70 °C for 5 minutes.
The intercept circle method was used in determining the average 
austenite grain size (79). The average values of 5 field per specimen that were 
observed, were plotted to correlate austenite grain size with austeniting 
temperature. Fields were taken along centerline of the samples.
The initial austenite grain structure before hot rolling should be uniform to 
promote a uniformly fine ferrite grain structure on transformation (25) . In this 
investigation reheating temperature of 1250 °C was used to ensure complete 
solution of (Nb,V,Ti) carbide in the two microalloyed steels but this tempera­
ture was also used for reheating the C-Mn steel prior to rolling. These steels 
were heat treated at 1250°C for 15 minutes in an argon atmosphere followed 
by water quenching to room temperature to obtain the initial or starting 
austenite grain size (d0). Hot deformation on the reheated samples was carried 
out in the temperature range 850 - 1050°C.
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3.3. FERRITE FORMATION
To study the ferrite formation from deformed austenite , the specimens of 
the C-Mn, Nb-V and Nb-V-Ti steels used were rolled at 850, 950, and 1050 
°C in a laboratory scale two high rolling mill. Stepped samples of 
geometry in Fig 3.1 were used. This geometry enables to achieve 
reductions of 20, 40, and 60% in one rolling pass. After rolling the samples 
were air cooled to a temperature of 680 °C and held for 3 0 , 6 0 , 3 0 0  and 1800 
sec before water quenching. The specimens dimensions and rolling 
procedure are given in Fig 3.1 and Fig 3.2, respectively.
The specimens were prepared for optical metallography taking 
longitudinal section in the rolling direction and a 2,5 %  Nital was used for 10-20 
sec to etch the ferrite grain structure. The volume fraction of ferrite and grain 
size were determined by 100 point counting and circle methods according to 
ASTM, E112 standard procedure.
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Fig. 3.1 Dimension of specimens used for grain coarsening temperatures and 
for simultaneous reductions under single pass rolling conditions ( mm).
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4.1 GRAIN COARSENING TEMPERATURE (GCT)
The austenite grain size versus reheating temperature curve for the C- 
Mn, Nb-V and Nb-V-Ti steel samples investigated is given in Figure 4.1. It can 
be seen that the mean austenite grain size increases progressively with an 
increase of reheating temperature until obvious grain coarsening occurs at 950 
°C in C - Mn steel sample, whilst the grain coarsening temperature for the Nb - 
V and Nb-V-Ti steel samples is found at 1000°C and 1050°C, respectively.
TABLE 4.1 STARTING GRAIN SIZE
Steels
Starting grain size 
( do), urn
C - M n 290 ± 15
N b - V 169 ±10
N b - V - T i 159 ± 8
4.2. EFFECT OF REDUCTION ON AUSTENITE GRAIN SIZE
The mean austenite grain size versus rolling reduction curve in 
quenched condition ( 3 sec ) at various rolling temperatures for the three 
steels at 850, 950, and 1050°C is given in Figure 4.2. It can be seen that the 
mean grain size of C-Mn steel decreased when the amount of reduction 
increased at these temperatures. For example, the reduction of 20% at 950°C 
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Fig. 4.1. Mean austenite grain size versus reheating temperatures plot of the C-Mn,
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Fig. 4 . 2 Effect of rolling reduction on the mean austenite grain size of C -  Mn ; Nb -  V ; 
' Nb. -  V -  Ti steels at various temperature, quenched ( t  = 3 sec. ) .
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mean grain size of 46 |jm. Comparison of these mean austenite grain sizes 
with that of C-Mn steel shows that the grain size of Nb-V or Nb-V-Ti steels 
decreased with increase in the percentage reduction. However, the grains were 
finer for that steel which had the smaller initial grain size. For example, in the 
Nb-V with initial grain size 169 pm and Nb-V-Ti with 159 pm, when given 60 % 
reduction at 950°C resulted in mean grain sizes of 25 and 20 pm respectively 
quenched immediately after rolling . Typical microstructures of C-Mn, Nb-V and 
Nb-V-Ti samples are shown in Figure 4.3.
4.3. AUSTENITE TO FERRITE TRANSFORMATION
The ferrite formation from deformed austenite was investigated in C-Mn 
( do = 290 pm ), Nb - V ( do = 169 pm ) and Nb - V - Ti ( do = 159 pm ) 
samples. For this purpose 20 %, 40% and 60 % reductions were given at 850, 
950 and 1050 °C by single pass rolling followed by isothermal transformation to 
ferrite and held at 680 °C from 30 sec up to 1800 sec .
4.3.1 Effect of rolling temperature
The effect of rolling temperature on the percentage of ferrite after 30, 
60, 300 and 1800 sec of holding at 680 °C in samples given 20, 40 and 60 
% reductions is shown in Figures 4.4 to 4.7, from which it can be seen that the 
volume fraction of ferrite decreased in the 60 % reduced sample after 30 
sec of holding, C - Mn: 72 % to 50 %, Nb - V: 58 % to 34 % and N b - V  - Ti: 54 
% to 20 % steel samples when the temperature of reduction was increased
4 8
Fig. 4.3. Photo microstructures : a). C-Mn, rolling temperature(RT) 950°C and 
roling reduction ® 20 %; b). C-Mn, RT= 950°C and R = 60%; c). Nb-V, RT = 850 
°C and R = 20 %; d). Nb-V, RT = 850°C and R = 60 %; e). Nb-V-Ti, RT = 850°C 
and R = 20 %; f). Nb-V-Ti, RT = 850°C and R = 60 %; All after 3 sec. of
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Fig. 4 . 4 Effect of rolling temperature on progress of ferrile trans formi lion after
30 sec. bolding at 680 °C in C —Mn , Nb —V and Nb — V —Ti steel,
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Fig. 4.5 Effect of rolling temperature on progress of ferrite transfomation after
60 sec, holding at 680 °C in C -M n ,N b -V  and N b -V - T i  steel,


















Fig. 4.6 Effect of rolling temperature on progress of ferrite transfomation after
300 sec. holding at 680 °C in C -M n ,N b -V  and N b -V -T i steel,
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Fig. 4*7 Effect of rolling temperature on progress of ferrite transfomation after
1800 sec, holding at 680 °C in C -M n  , N b -V  and N b -V - T i  steel,
having 20 % , 40 % and 60 % reduction
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from 850 to 950 °C . The change in the condition of the austenite was that the 
■ amount of ferrite decreased as the rolling temperature increased. Smaller 
amounts of ferrite were produced in the C-Mn, Nb-V and Nb-V-Ti steels after 
40 % reduction and after 20 % reduction < 12 % ferrite formed on holding time 
for 30 sec at 680 °C.
4.3.2 Effect of rolling reduction
The effect of rolling reduction on the percentage of ferrite after holding 
for 30, 60, 300 and 1800 sec at 680 °C in C-Mn, Nb-V and Nb-V-Ti steels is 
shown in Figures 4.8 to 4.11. The volume fraction of ferrite increased with 
increase in the amount of rolling reduction for all the temperatures studied. For 
example, in C-Mn steel samples rolled at 850 °C in austenite and then held for 
30 sec resulted in the volume fraction increase from 19 to 72 % when the 
amount of reduction was increased from 20 % to 60 %. On the other hand, in 
Nb-V steels the volume fraction increased from 14 to 58%, and 13 to 54% in 
Nb-V-Ti steels under similar conditions.
4.3.3 Effect of holding time
The effect of holding time at 680 °C on the progress of ferrite formation 
in C-Mn, Nb-V and Nb-V-Ti steel samples deformed at 850 , 950 and 1050 °C 
is shown in Figures 4.12 to 4.14. From these figures, it can be seen that the 
transformation from deformed austenite to ferrite starts gradually, then 
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Fig. 4 . 6 Effect of rolling reduction at 850 °C\ 950 °C and 1050 °C on progress of
ferrite transformation after 30 sec, holding at 860 °C in C -M n  ,
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Fig. 4- 9 Effect of rolling reduction at 850 °C, 950 °C and 1050 °C on progress of
ferrite transformation after 300 sec, holding at 860 °C in C -M n  ,
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Fig. 4 . 10 Effect of rolling reduction at 850 °C, 950 °C and 1050 °C on progress of
ferrite transformation after 60 sec, holding at 860 °C in C -M n ,
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Fig. 4 . 12 Effect of holding time at S50 "C. 950 C'C and 1050 "C on
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Fig. 4 . 13 Effect of holding time at 850 CC, 950 °C and 1050 °C on 
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Fig- 4. U Effect of holding time at 850 °C, 950 °C and 1050 °C on ferrite transformation of Nb—V—Ti steel
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The rate of transformation was increased by increasing the amount of 
deformation and increasing the holding time. For example, when samples were 
rolled at 850 °C, the ferrite volume fraction increased from 72 to 100% in C- Mn 
steel, in Nb-V from 58 to 99 %  whilst Nb-V-Ti steel showed an increase from 54 
to 96 % given 60 % reduction when the holding time was increased from 30 
sec to 1800 sec at 680°C.
4.4 FERRITE GRAIN SIZE
The formation of ferrite grains depends on the nature of austenite grains 
prior to transformation (76). The austenite grain shape and size are controlled 
by the amount and temperature of deformation. In this section results are 
presented relating to the effect of rolling temperature, rolling reduction and 
holding time at 680°C on the nature and grain size of ferrite.
4.4.1 Effect of rolling temperature
The effect of rolling temperature on ferrite grain size held at 680°C for 30, 
60, 300 and 1800 sec in C-Mn, Nb-V and Nb-V-Ti steel samples deformed for 
20, 40 and 60% is given in Figures 4.15 to 4.18. It can be seen in Fig. 4.18 
that the ferrite grain size increased from 20 pm to 28 pm after 1800 sec of 
holding in C-Mn steel for a 60% reduction when the rolling temperature 
increased from 850°C to 1050°C. But in Nb-V steel samples, the grain size 
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Fig. 4. 15 Effect of Rolling Temperature on Ferrite Grain Size Transformed at-680°C of-C -  Mn ;















Rolling Temperature, °C Rolling Temperature, °C Rolling Temperature, eC
Fig. 4. 16 Effect of Rolling Temperature on Ferrite Grain Size Transformed at 680°C of C -  Mn ;
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Fig. 4* i f  Effect of Rolling Temperature on Ferrite Grain Size Transformed at-680°C of C -  Mn ;
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Fig. 4.18 Effect of Rolling Temperature on Ferrite Grain Size Transformed at 680°C of 'C -  Mn ;

















under identical conditions. The ferrite grain size was finer for all rolling 
temperatures in Nb-V-Ti samples.
4.4.2 Effect of rolling reduction
The effect of rolling reduction on the ferrite grain size held at 680°C for 
30, 60, 300 and 1800 sec is given in Figures 4.19 to 4.22. It can be seen that a 
decrease in the amount of reduction resulted in coarser ferrite grains in these 
steels. For example, the ferrite grain size increased in C-Mn steel from 28 to 
44 pm from 25 to 38 pm in Nb-V steel, and 23 to 30 pm in Nb-V-Ti steel 
samples when the reduction was decreased from 60% to 20% at 1050°C.
4.4.3 Effect of holding time
The effect of holding time at 680°C on ferrite grain size in 20, 40 and 
60% deformed samples at 850, 950 and 1050°C is shown in Figures 4.23 to 4.
25. It can be seen that on increasing time from 30 to 1800 sec, the mean 
ferrite grain size increased from 14 to 20 pm at 850°C, 20 to 24 pm at 950°C 
and 22 to 28 pm at 1050°C in steel samples rolled 60% in austenite conditions. 
Smaller grain size, but similar increases were measured in Nb-V and Nb-V-Ti 
steel samples. If compared with the C-Mn steel, the ferrite grains in Nb-V-Ti 
steel were finer at all reductions. The above results show that the mean ferrite 
grain size increases with transformation time. Typical microsructures in C-Mn, 
Nb-V and Nb-V-Ti steel samples are shown in Figure 4.26 after 1800 sec of 

























Fig. 4.19 Effect of rolling reduction at 850°C, 950°C, 1050°C of Ferrite formation


















Fig. 4*20 Effect of rolling reduction at 850°C, 950°C, 1050°C of Ferrite formation
















Fig. 4.21 Effect of rolling reduction at 850°C, 950°C, 1050°C of Ferrite formation


















F ig .  4.22 Effect of rolling reduction a t ‘850°C, 950&C, 1050°C of Ferrite formation
after 1800 second holding time at 680°C in C-Mn ; Nb-V ; N b -V -T i steels .
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Fig. 4 .23 Effect of holding time on ferrite grain size transformed at 680°C of C -  Mn ; Nb -  V ;
NB -  V -  Ti steels in 20% reduction .
Fig. 4«24 
Effect of holding tim
e on ferrite grain size transform
ed at 680°C
 of C - M
n ; Nb 
NB - V - Ti 
steels in 40%
 reduction .
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Fig. 4.25 Effect of holding time on ferrite grain size transformed at 680°C of C -  Mn ; Nb -  V ;
NB -  V -  Ti steels in 60% reduction .
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Fig. 4 .26 . Photo microstructures : a). C-Mn, rolling temperature(RT) 950°C and 
roling reduction ® 20 %, magnification 100 x; b). C-Mn, RT= 950°C and R = 60 %, 
magnifioation 100 x; c). Nb-V, RT = 850 °C and R = 20 %, magnification 100 x; 
d). Nb-V, RT = 850°C and R = 60 %, magnification 200 x; e). Nb-V-Ti, RT -  850°C 
and R = 20 %, magnification 200 x; f). Nb-V-Ti, RT = 850°C and R = 60 %, 




5.1. EFFECT OF PRECIPITATES ON THE GRAIN COARSENING 
TEMPERATURE
The grain growth is a thermally activated process and the grain size 
depends on both time and temperature(l). The grain growth of austenite can 
be modified considerably by the addition of elements such as aluminium, 
niobium, vanadium and titanium .
In this investigation it has been found that the grain coarsening 
temperature of C - Mn steel (Fig.4.1) is lower than 950 °C. In the C-Mn steel 
there is a limited grain boundary pinning by AIN particles, which are produced 
mainly during continuous casting. The effectiveness of AIN particles on grain 
boundary restriction is very small because of relatively low solution temperature 
in austenite . The low grain coarsening temperature in the plain carbon steel is 
therefore due to the low stability of AIN and the coarsening and dissolution of 
grain boundary-pinning particles which occur on reheating at relatively low 
temperature. Investigation of the influence of aluminium nitride on the grain 
coarsening was carried out by Gladman and Pickering (1) and it was found that 
with increasing the aluminium content to 0.04% the grain coarsening temper­
ature increased.
Studies of the effect of niobium, vanadium and titanium on the grain 
coarsening characteristics of austenite have shown that the grain coarsening 
temperature increases progressively with increasing alloy addition. The reason 
for this is that, unlike aluminium, which precipitates only as nitride, niobium,
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vanadium and titanium form carbonitrides as well as carbides and the carbon 
content is generally present in excess of stoichiometry.
In the Nb-V steel (Nb=0.03 and V=0.05) which has a grain coarsening 
temperature higher than that for the C-Mn steel (Fig.4.1), it is recognized 
that niobium carbonitride and vanadium carbonitride particles are carbon rich 
(80). Gladman and Pickering (1) studied the effect of vanadium on the grain 
coarsening characteristics of austenite and found a progressive increase in 
grain coarsening temperature with increasing vanadium content. Small 
additions of vanadium are relatively more effective than large additions. Also 
grain coarsening always started at temperature well below the solubility limit 
of vanadium nitride. The austenite grain migration will be inhibited by 
niobium carbonitrides and vanadium nitrides during reheating (¡81), assuming 
that all Nb and V combine with available nitrogen and carbon as Nb(CN) 
and VN. In Fig. 2.2 there is no solubility curve for Nb(CN), but it can 
reasonably be assumed that it should lie between the curves for NbN and 
VN, but close to VN (6). During reheating, a small amount of Nb(CN) 
precipitate is firstly dissolved because of reverse sequence to the solidification 
of niobium - vanadium steel slab in the high temperature to low temperature 
range of austenite in which Nb(CN) dissolve leaving NbC. The fine Nb(CN) 
particles dissolve in solution and thus the effectiveness on grain boundary 
pinning substantially diminishes. The solution temperature of NbC in the Nb- 
V steel is 1050°C - 1 100°C and VN is 950°C - 1000°C , so it can be explained
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that the grain coarsening temperature of 0.03 Nb - 0.05 V steel is 1000°C, 
where coarse grains growth occurs.
The Nb-V-Ti steel ( Nb=0.05, V=0.03 and Ti=0.02) has a grain 
coarsening temperature slightly higher than that for Nb-V steel, and it is 
recognized that this is due to carbonitride particles of Nb,V, and Ti. The 
solution temperature of niobium carbides in the 0.05 Nb steel (1150°C-1200°C) 
is higher than that of 0.03 Nb steel and the solution temperature of vanadium 
nitride in the 0.03 V steel (900°C-950°C) is slightly lower than that of the 0.05 V 
steel.
The Nb-V-Ti steel slab of this study had a Ti : N ratio of 2.86 and this is 
less than the stoichiometric ratio (3.42) which can occur during solidification of 
the slab, so TiN forms. Therefore, all of titanium will be available to combine 
with nitrogen to form TiN particles. Also, if niobium is available it will combine 
with remaining nitrogen to form Nb(CN) in preference to vanadium because 
niobium has greater affinity for carbon than vanadium ( 82 )•
5.2. EFFECT OF INITIAL GRAIN SIZE
The austenite changes from partial to complete recrystallised structure 
with an increase in reduction or/and temperature. The critical reduction for 
partial and complete recrystallisation is dependent on the steel chemistry as 
well as initial austenite grain size. The critical reduction increases when the 
deformation temperature is lowered. The results indicate (Table 4.1) that 
austenite recrystallized structure is finer in the microalloyed steels (Nb-V-Ti do
7 9
= 159 jim and Nb-V do = 169 pm) compared to the C-Mn steel (do = 290 pm) 
used in the present work. The microalloyed steel can give rise to the very 
refined transformed microstructure through the transformation from the 
structure is Nb, V, Ti and usually added simultaneously in the steels in view of 
the additional strengthening due to precipitation hardening. Tanaka (4) has 
reported that solute Nb retards the austenite recrystallization. In 0.1 % Nb 
bearing steel results show much larger retardation of recrystallization kinetics. 
Consequently, strain-induce precipitation of carbides and nitrides of niobium 
taking place in deformed austenite primarily causes the retardation of 
recrystallization, while solute niobium may contribute to the suppression of the 
progress of static recovery in the stage before the start of strain induced 
precipitation. Although the strain induced precipitation of titanium carbide is 
similar to those of carbonitrides of niobium which might occur in titanium 
bearing steels, but the high solubility of vanadium carbide in vanadium bearing 
steel tends to maintain vanadium in solution even, in the low temperature 
region.
Another interesting aspect of the present results is the effect of the 
small (do = 159 pm) starting grain size in Nb-V-Ti steel. Partial or complete 
recrystallization was evident for all rolling reductions where the grain size is 
fine. It is therefore evident that refinement of starting grain size enhances the 
recrystal I izatiom kinetics in Nb-V-Ti steel.
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5.3. FERRITE FORMATION
The ferrite grain size in C-Mn, Nb-V and Nb-V-Ti steels are shown in 
Fig. 4.26. It can be seen that the ferrite grain size becomes finer with increased 
amount of deformation and decreasing the rolling temperature. It has been 
reported that the ferrite grain size can be refined by increasing the amount of 
deformation and by lowering the temperature of deformation in austenite (10). 
The Ar3 temperature has been reported to rise slightly with increasing refine­
ment of the austenite by recrystallization, but it can be increased rapidly 
with increased reduction below the recrystallization temperature. It has also 
been reported that Ar3 in niobium steel can be varied by more than 100 °C 
under different rolling conditions, but in the Si - Mn steel, the variation is
only 30°C (70)-
In general ferrite nucleates at austenite grain boundaries and grows into 
austenite grains. The grain size of ferrite formed from austenite is directly 
related with the process of transformation. For unrecrystallised austenite 
Figure 4.3.(f) shows that the volume fraction of ferrite is higher in the 60 % 
deformed Nb-V-Ti steel than in samples with 20 % reduction because of higher 
surface area of grain boundaries and the presence of deformation bands. The 
advantage of deformation bands in ferrite nucleation in Nb-V-Ti modified steels 
must be recognised. In fact, being a common site for austenite recrystallisation 
and ferrite nucleation, deformation bands are of great importance. When the 
conditions do not favour austenite recrystallisation on deformation bands then 
subsequent ferrite nucleation takes place on the recrystallised boundaries. .
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Subgrain boundaries : It is difficult to obtain conclusive microscopical 
evidence for ferrite nucleation on subgrain boundaries produced by recovery, 
but the copious intragranular ferrite nucleation in the absence of second phase 
particles at deformation bands (Fig 4.3) may be interpreted in terms of this 
effect. It has been reported that the deformation sub-structure should be 
unrecovered as recovery minimises the ferrite nucleation potential (66).
5.3.1 Austenite to Ferrite Transformation
The rate of transformation from austenite to ferrite depends on the state 
of deformed austenite grains at the time of transformation. The geometry of 
austenite grains depends on the extent and temperature of deformation. The 
volume fraction of ferrite also depends on the time of isothermal transformation. 
These factors are discussed below on the basis of the results obtained in C-Mn 
(do = 361 urn), Nb-V (do = 173 urn) and Nb-V-Ti (do = 163 urn) steels (Table 
4.1).
5.3.1.1 Effect of Rolling Temperature and Reduction
The effect of mean austenite grain size on volume fraction of ferrite 
formed after 30 sec at 680°C in C-Mn, Nb-V and Nb-V-Ti steels deformed 20­
60% at 950°C and 1050°C is shown in Figure 5.1. It can be seen that the 
coarser the mean austenite grains the lower is the percentage of ferrite 
transformed, but the ferrite transformation increased with increase in the 
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Fig. 5.1. Effect of prior mean austenite grain size obtained of result of 20%, 40%, 
and 60% reduction at 950°C and 1050°C roling temperature on progress of ferrite 
transformation after 30 sec. holding time at 680 °C in C-Mn, Nb-V, and Nb-V-Ti 
steel. (Arrows indicate increasing reduction).
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austenite grains boundaries and deformation bands is termed as the effective 
interfacial area per unit volume (Sv), and this parameter can be related to initial 
austenite grain size, rolling reduction by:
Sv = ( 1.67 (p - 0.10) + 1.0 ) (2/do) + 63 (p-0.30) (8)
where : Sv = the effective interfacial area per unit volume
p = rolling reduction 
do = the initial grain size
The above relation indicates that smaller (do) and higher (p) results in higher 
Sv. For example, in the C-Mn, Nb-V and Nb-V-Ti steels at 950°C this is shown 
in Table 5.1.
Table 5.1 The effective interfacial area per unit volume, (Sv)
reduction %) C - M n Nb-V i N b - V - T i
do Sv do Sv do Sv
20 86.0 34 40.0 57 39.0 63
60 35.0 147 22.0 186 20.0 202
It is known that the austenite grain surface area per unit volume (Sg b) 
is inversely proportional to the austenite grain size in which finer austenite 
grains have higher Sg b and can be expressed by austenite grain diameter 
(Dy) as:
s g.b = 4/(V7C Dy ) (9)
where : Sg b : austenite grain surface area per unit volume
Dy : austenite grain diameter
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It can be seen in Figure 5.2 that the ferrite fraction increased with increasing 
Sg.b 'n C-Mn, Nb-V and Nb-V-Ti steels. For example, in the C-Mn steel at 
950°C in the 40% reduction, Sg b = 34 mm2/mm3 the volume fraction of 
ferrite was 30%, whereas at 1050°C with the same reduction, Sg b = 30 
mm2/mm3 the volume fraction of ferrite was 26%. In the Nb-V steel at 950°C, 
28% ferrite was formed for Sg.b = 52 mm2/mm3- Similarly, in the Nb-V-Ti at 
950°C , 18% ferrite was formed for Sg.b = 70 mm2/mm3 . Whereas at higher 
temperatures only a small amount of ferrite formed on holding for 30 sec at 
680°C. At a given temperature increased reduction gave increasing proportion 
of recrystallised austenite resulting in increased Sg.b. The higher the surface 
area of austenite grains, the higher will be the volume fraction of ferrite. 
Tanaka has reported (4), that the increase in the ferrite nucleation rate per unit 
volume by deformation is attributed to : (i) the increase in the austenite grain 
surface by elongation of grains; (ii) the increase in the nucleation rate per unit 
area of grain surface; and (iii) the formation of additional nucleation sites such 
as annealing twin boundaries, deformation band,etc.
Ouchi et al (66) have reported that increasing deformation below the 
recrystallisation temperature increases the nucleation rate per unit boundary 
area of ferrite (Ns) in addition to increasing effective interfacial area per unit 
volume ( the sum of deformed austenite grain boundaries and deformation 
bands). Ns includes the free energy change, interfacial energy and activation 
energy for diffusion. And also, unrecrystal I ised elongated austenite contains 











1 1 0  ;
10 3 0  5 0  2 / 3 ^ 0  9 0
- >  S gb ,  mm /m m
Fig. 5.2. Effect of prior mean austenite grain size obtained of result of 20%, 
40%, and 60% reduction at 950°C and 1050°C roling temperature on progress of 
ferrite transformation after 1800 sec. holding time at 680 °C in C-Mn, Nb-V, and 
Nb-V-Ti steel. (Arrows indicate increasing reduction).
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These additional factors should provide a higher fraction of ferrite at lower 
temperatures in comparison with that at high temperatures. For example, in the 
Nb-V-Ti steel (Fig.5.2), 40% reduction at 950°C and for S g.b= 70 mm2/mm3 
the volume fraction of ferrite was 20%, whereas at 1050°C and 40% reduction, 
the volume fraction of ferrite was 14% when S g b was 54 mm2/mm3 in this 
steel.
5.3.1.2 Effect of Holding Time
Ohtsuka et al ( 83 ) have reported that ferrite transformation rate increases 
with the increase in the holding time and is accelerated by increase of 
deformation. This result is expected as higher reduction provides finer mean 
austenite grain size and hence higher surface area. Also, the transformation is 
slow at the 1050°C for all the reductions. At this temperature, the austenite 
grains are mostly recrystallised and nucleation rate is low, while at 950°C, 
which may be explained by high nucleation rate in partially recrystallised 
austenite resulted and produced greater ferrite fraction. However, at 850°C 
where recrystallisation does not occur the nucleation rate was very high and 
the ferrite formation is rapid. Amin and Pickering (65) have reported that 
unrecrystal I ised austenite produced more ferrite in comparison with 
recrystallised austenite in steels.
Figure.5.3 shows that the ferrite transformation started and was 
completed at shorter times in C-Mn compared to Nb-V and Nb-V-Ti steels. It 
can be seen that in samples rolled 60% at 950°C, the Nb-V steel required a
T r a n s f o r m e d .  D e f o r m e d  ( > • )  
(>) 60 -40 020
10 O D
90 6 A 0
CD'vj
Fig. 5.3. Isothermal transformation kineticts at 680 °C in: (a). C-Mn, (b). Nb-V 
and (c). Nb-V-Ti steel samples having various reductions.
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longer time whilst Nb-V-Ti steel needed the longest time for a given fixed ferrite 
fraction in comparison with C-Mn steel. Amin and Pickering ( 65 ) have reported 
that Nb steel retarded austenite recrystallisation and Nb addition increases the 
hardenability, segregates to austenite grain boundaries, and decreases the 
diffusion rate and activation energy of carbon diffusion in austenite and these 
effects decrease the nucleation rate for ferrite. The effect of vanadium was less 
than niobium for identical nitrogen content but the very high nitrogen content 
behaved similarly to the niobium steels.
The following equation has been proposed to estimate the ferrite grain 
size in the deformed sample (73) :
2^2 a  (p) 1/3
Da = (------------------- ) (10)
Sv(p) Vls(p)
where : Da = ferrite grain size
Sv(p) = the sum of the areas of grain boundary surface, 
deformation bands and twin boundaries
ls(p) = ferrite nucleation rate per unit area of deformed austenite 
grain surface, deformation bands and twin boundaries 
a(p) = the parabolic rate constant of ferrite grain growth for reduction
(P)-
Compared with the C-Mn steel, Nb-V and Nb-V-Ti additions 
result in a smaller initial austenite grain size before rolling, and a higher density
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of deformation bands and grain boundary surface area result during and after 
rolling and all these factors increase Sv(p) thus resulting in finer ferrite.
5.3.2 The Formation of Mixed Ferrite Grain Size
Mixed austenite grain structure prior to rolling, which results in 
unrecrystal Iised or partially recrystallised austenite of varying grain size after 
rolling, tend to produce mixed ferrite grain size. The results (Fig.4.26) showed 
that 20% and 60% deformed samples at 1050°C in C-Mn, Nb-V and Nb-V-Ti 
steels had fully recrystallised austenite and resulting ferrite grains were 
coarse. C-Mn steel samples rolled, 60% at 950°C were also completely 
recrystallised and produced a uniform ferrite grains (Fig.4.26). After 20% and 
60% deformation at 850°C in Nb-V and Nb-V-Ti steels were in an 
unrecrystallised condition and transformed to ferrite grains resulting in mixed 
polygonal ferrite.
5.4 The Relationship Between Austenite and Ferrite Grain Size
The relation between the austenite grain size and ferrite grain size on 
transformation in the C-Mn, Nb-V and Nb-V-Ti steels studied is shown in Figure
5.4 It can be seen that finer ferrite was obtained from finer austenite in each 
case. There is a general trend for decreasing austenite grain size to be 
associated with a refined ferrite grain size. There is also a trend for the Nb-V-Ti 
steels to have finer ferrite grain size than Nb-V and C-Mn steels. Ferrite grain 
refinement is accomplished through restricting the growth of austenite grains
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Fig. 5.4. Effect of prior mean austenite grain size obtained of result of 20%, 
40%, and 60% reduction at 950°C and 1050°C roling temperature on progress of 
ferrite transformation after 1800 sec. holding time at 680 °C in C-Mn, Nb-V, and 
Nb-V-Ti steel. (Arrows indicate increasing reduction).
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during hot rolling and/or by inhibiting the recrystallisation of austenite during 
deformation so that the austenite to ferrite transformation occurs in 
unrecrystallized austenite (6). Decreasing deformation temperature 
yields finer ferrite grains. Also finer ferrite is obtained from partially and 
non-recrystal I ised austenite in comparison with recrystallised austenite as a 
result of higher nucléation rate. Cuddy (S4) has reported that in coarse 
deformed austenite grains, the deformation bands have been shown to act as 
additional nucléation sites.
Correlation between ferrite grain size and austenite grain surface area 
per unit volume in C-Mn, Nb-V and Nb-V-Ti is shown in Fig.5.5. It can be seen 
that increasing Sg b results in decrease in ferrite grain size of deformation 
temperatures. The ferrite grain size increased with effective interfacial area 
per unit volume ( Sv ) showing the importance of deformation bands as 
nucléation sites (31). Kosazu (63) has also reported that increasing Sv 
produced ferrite grain refinement, for a fixed Sv value deformation below the 
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Fig. 5.5. Effect of grain surface area per unit volume (Sg.b) on ferrite
transformation at 950°C and 1050°C roiing temperature after 1800 sec. holding 
time at 680 °C in C-Mn, Nb-V, and Nb-V-Ti steel having 20, 40, and 60% 




Following conclusions can be drawn on the basis of experimental 
results:
1. Austenite grain coarsening occurs at a relatively lower 
temperature (< 950°C) in the cast C-Mn steel. This seems due to the low 
solution temperature of the AIN particles acting at the grain boundaries. 
However, the grain coarsening temperature (GCT) increased by 
microalloying additions of Nb-V and Nb-V-Ti.
2. Finer ferrite grain size was obtained from partially and non-recrystal I ised 
austenite in comparison with recrystallised austenite, attributed to 
higher ferrite nucleating rates.
3. Unrecrystal I ised austenite produced a much refined ferrite grain size, 
due to intragranular ferrite nucleation.
4. The amount of transformed ferrite increased as the rolling temperature 
decreased, and as the amount of reduction and the holding time was 
increased especially for Nb-V-Ti steel samples.
5. Fine ferrite grain resulted when the rolling temperature was decreased 
and the amount of reduction was increased. The ferrite grain size in 
Nb-V-Ti steel was finer than in Nb-V steel and this Nb-V steel exhibited 
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